The v-Crk oncogene product consists of two protein interaction modules, a Src homology 2 (SH2) domain and a Src homology 3 (SH3) domain. Overexpression of CrkI, the cellular homolog of v-Crk, transforms mouse fibroblasts, and elevated CrkI expression is observed in several human cancers. The SH2 and SH3 domains of Crk are required for transformation, but the identity of the critical cellular binding partners is not known. A number of candidate Crk SH3-binding proteins have been identified, including the nonreceptor tyrosine kinases c-Abl and Arg, and the guanine nucleotide exchange proteins C3G, SOS1 and DOCK180. The aim of this study is to determine which of these are required for transformation by CrkI. We found that short hairpin RNA-mediated knockdown of C3G or SOS1 suppressed anchorage-independent growth of NIH-3T3 cells overexpressing CrkI, whereas knockdown of SOS1 alone was sufficient to suppress tumor formation by these cells in nude mice. Knockdown of C3G was sufficient to revert morphological changes induced by CrkI expression. By contrast, knockdown of Abl family kinases or their inhibition with imatinib enhanced anchorage-independent growth and tumorigenesis induced by Crk. These results show that SOS1 is essential for CrkI-induced fibroblast transformation, and also reveal a surprising negative role for Abl kinases in Crk transformation.
Introduction v-Crk was first identified as an oncogene product of the avian sarcoma virus CT10 (Mayer et al., 1988) . It consists of a viral Gag portion fused with a Src homology 2 (SH2) and Src homology 3 (SH3) domain derived from the endogenous c-Crk gene. Two forms of the cellular homolog of v-Crk, termed CrkI and CrkII, are generated by alternative mRNA splicing (Matsuda et al., 1992; Reichman et al., 1992) . CrkI, like v-Crk, consists of one SH2 and one SH3 domain (nSH3), whereas CrkII has an additional C-terminal SH3 domain (Figure 1 ). The closely related CrkL gene encodes a protein with the same overall domain structure as CrkII (ten Hoeve et al., 1993) . Crk acts as an adaptor protein in cell signaling, mediating proteinprotein interactions via its SH2 domain (which binds to tyrosine phosphorylated peptides) and SH3 domains (which bind proline-rich peptide motifs). Thus Crk serves to couple tyrosine kinase-mediated signals to downstream effectors, such as small G proteins, in signaling pathways that regulate cell transformation, adhesion, migration, phagocytosis, differentiation, proliferation and apoptosis (Feller, 2001) .
Expression of v-Crk induces transformation of both chicken embryo fibroblasts and mouse fibroblasts (NIH-3T3) (Mayer et al., 1988; Greulich and Hanafusa, 1996) . Overexpression of wild-type CrkI-induced cell transformation in rat 3Y1 cells, and subcutaneous injection of those cells into nude mice caused tumor formation (Matsuda et al., 1992) . Overexpression of CrkL and CrkII also induced transformation, albeit relatively weakly, in rodent fibroblasts (Matsuda et al., 1992; Senechal et al., 1998; Iwahara et al., 2003) . The binding activity of the SH2 and SH3 domains is required for Crk-induced transformation (Mayer and Hanafusa, 1990; Senechal et al., 1998; Iwahara et al., 2003) . Elevated expression of CrkI has been found in different types of human cancers, including lung adenocarcinoma and glioblastoma, and its expression level is correlated with malignant features in these tumors (Miller et al., 2003; Takino et al., 2003; Wang et al., 2007) . Furthermore, small interfering RNA-mediated knockdown of Crk expression suppressed the transformed phenotype of Crk-expressing tumor cell lines, such as glioblastoma KMG4 and ovarian cancer MCAS (Linghu et al., 2006; Wang et al., 2007) . Overexpression of miRNA-126, which targets the 3 0 untranslated region of Crk, can inhibit adhesion, migration and invasion of nonsmall cell lung carcinoma cell lines (Crawford et al., 2008) . These results suggest a role for Crk in human cancer.
More than two decades after the discovery of v-Crk, the precise mechanism of Crk-induced transformation remains elusive, despite the identification of many Crk SH2 and SH3 binding partners. Little is known, for example, about which of these interaction partners actually have key roles in the transforming activity of Crk. In fibroblasts, the two most prominent Crk SH2binding proteins are p130Cas (Sakai et al., 1994a, b) and paxillin (Birge et al., 1993) . Both of these are multidomain scaffold proteins that localize to focal adhesions and serve as platforms for the assembly of multiprotein complexes that regulate cell migration, cell adhesion and cell survival (Defilippi et al., 2006; Deakin and Turner, 2008) . p130Cas has been implicated in Crk transformation by several studies (Nievers et al., 1997; Riggins et al., 2003; Iwahara et al., 2004) . The most prominent Crk nSH3-binding proteins are C3G, a guanine-nucleotide exchange factor (GEF) for Rap1 and R-Ras; DOCK180, a GEF for Rac; SOS1, a GEF for Ras and Rac; and the nonreceptor tyrosine kinases c-Abl and Arg (Feller et al., 1994; Matsuda et al., 1994; Ren et al., 1994; Tanaka et al., 1994; Hasegawa et al., 1996; Wang et al., 1996) . Previous studies have suggested that C3G has a role in Crk transformation, and that a Crk/C3G/R-Ras/jun N-terminal kinase (JNK) signaling pathway is activated in v-Crk transformed cells (Tanaka et al., 1997; Mochizuki et al., 2000) . The phosphatidylinositol 3-kinase/Akt pathway has also been shown to be activated in v-Crktransformed chicken embryo fibroblasts and NIH-3T3 cells. Furthermore, the small G proteins, Ras and Rho, have also been implicated in Crk transformation (Greulich and Hanafusa, 1996; Iwahara et al., 2003) , and overexpression of SOS or H-Ras can enhance v-Crk induced activation of Akt (Akagi et al., 2000 (Akagi et al., , 2002 Stam et al., 2001) .
To elucidate the role of Crk nSH3-binding proteins in CrkI-induced cell transformation, short hairpin RNAs (shRNA) were used to knock down the expression of the candidate Crk effectors C3G, DOCK180, SOS1 and Abl family kinases. These experiments were performed in NIH-3T3 cells overexpressing CrkI, which were transformed as measured by anchorage-independent growth in soft agar and tumorigenicity in athymic nude mice. We found that both C3G and SOS1 are required for maximal CrkI-induced anchorage independent growth, whereas only SOS1 expression was required for tumorigenicity in vivo. Furthermore, we found that Abl family kinases have a surprising negative regulatory role in suppressing CrkI transformation. This work provides new insight into the signal transduction pathways involved in Crk transformation, and raises new concerns about the use of tyrosine kinase inhibitors for the therapy of human cancers that may be driven by Crk overexpression.
Results

Establishment of Crk SH3-binding protein knockdown cell lines overexpressing CrkI
Because Crk family proteins do not transform rodent fibroblasts very efficiently (Iwahara et al., 2003) , we first established a pool of mouse fibroblasts stably overexpressing wild-type human CrkI. NIH-3T3 cells were infected with a retrovirus carrying the human CrkI complementary DNA and infected cells were subjected to drug selection. CrkI-transformed NIH-3T3 cells were spindle shaped, with a narrow and elongated cytoplasm, in contrast to the flattened, well-spread morphology of normal cells (Figure 2a ). The CrkI-overexpressing cells grew as colonies in soft agar, showing anchorageindependent growth, whereas under the same conditions few, if any, colonies were formed by cells infected with control retrovirus (Figure 2b ). We then took the approach of knocking down candidate nSH3-binding proteins in these cells to assess the role of each in Crk transformation. We used retrovirus-mediated expression of shRNA targeting mouse C3G, DOCK180, SOS1, Abl and Arg to establish CrkI-transformed NIH-3T3 cell lines lacking one or more nSH3-binding protein. These candidates were chosen because their binding to nSH3 (Feller et al., 1994; Ren et al., 1994; Matsuda et al., 1996) and their signaling activities are well documented. Endogenous levels of targeted Crk SH3-binding proteins were significantly decreased in the knockdown cell lines (Figure 2c ).
Morphologic alteration and anchorage-independent growth of knockdown cell lines
We found that the distinctive morphology of CrkItransformed cells was strongly suppressed by shRNAmediated knockdown of C3G; the knockdown cells showed a flat shape similar to control NIH-3T3 (Figure 2a ). Morphological reversion of CrkI-transformed cells was not observed in the other single knockdown cell lines. However, simultaneous knockdown of three Crk SH3-binding proteins (C3G, DOCK180 and SOS1; hereafter referred to as triple knockdown) similarly reverted cells to a more normal morphology. This suggests that, among the Crk SH3-binding proteins tested, C3G is critical for the dramatic morphological changes caused by CrkI overexpression in fibroblasts.
Next, we compared the transforming activities of CrkI-transformed cells and their knockdown derivatives by soft agar colony formation assay. Anchorage independent growth in agar suspension is a hallmark of fibroblast transformation, and correlates with tumorigenicity in vivo. In this assay, the transforming activities of C3G or SOS1 knockdown cell lines were significantly impaired compared with parental CrkI-transformed cells (Figures 2b and d ). The number of colonies formed by C3G or SOS1 knockdown cell lines were about onethird and one-fifth of those formed by CrkI-transformed cells, respectively. Very few colonies were formed by the triple knockdown cell line, suggesting the effects of SOS1 and C3G knockdown were additive. Surprisingly, the number of colonies actually increased by approximately twofold when the Abl family kinases Abl and Arg were knocked down. The DOCK180 knockdown cells showed a slight but statistically insignificant (P ¼ 0.18) increase in colony number compared with parental CrkI-transformed cells. These results indicate that both SOS1 and C3G are important for the anchorage-independent growth of CrkI-transformed cells, and suggest a surprising negative role for Abl family kinases in CrkI-induced transformation.
Tumor formation in nude mice
To better examine the in vivo transforming activities of different knockdown cell lines, we tested their ability to form tumors in athymic nude mice. Mice injected with CrkI-transformed NIH-3T3 cells began forming palpable tumors in situ 28 days after injection, whereas tumors in mice injected with SOS1 or triple knockdown cells were first detected 2 to 4 weeks later and grew much more slowly (Figure 3b ). Tumors in the two latter groups were much smaller at all time points compared with the group injected with control CrkI-transformed cells (Table 1) . At 70 days after injection, 40% of the Figure 2 Morphology and anchorage-independent growth of CrkI-transformed NIH-3T3 cells lacking different Crk SH3-binding proteins. NIH-3T3 cells were infected with retrovirus expressing wild-type human CrkI (wtCrkI) or control virus. Infected cells were subjected to puromycin drug selection, and infected with retrovirus producing shRNAs targeting different Crk SH3-binding proteins. shRNA targeting green fluorescent protein was used as a control. Infected cells were subjected to hygromycin drug selection, and then used for transformation assays. was determined by immunoblotting analysis using the appropriate antibody, indicated on left. GFPi, SOSi, C3Gi, DOCKi, Abli stand for knockdown of GFP, SOS1, C3G, DOCK180 and Abl family proteins (Abl and Arg), respectively. Triplei stands for triple knockdown of C3G, DOCK180 and SOS1. All cell lines overexpress wild-type human CrkI (wtCrkI) except control. GFP was targeted by shRNA in both control and wtCrkI-GFPi cell lines. mice (n ¼ 10) injected with SOS1 knockdown cells formed very small tumors and the other 60% had no palpable tumors, demonstrating that the tumorigenicity of CrkI-transformed cells was almost totally abolished by reduced SOS1 expression. On the contrary, tumors in mice injected with Abl and Arg knockdown cells began forming earlier, beginning 16 days after injection, and were larger than those in mice injected with control CrkI-transformed cells (Table 1 and Figure 3a ). Mice injected with C3G or DOCK180 knockdown cells showed no significant differences in overall tumor growth rate and tumor size compared with the mice injected with control CrkI-transformed cells (Figures 3c and d) . No obvious tumor metastasis was found in any of the mice after necropsy. These results show that knockdown of SOS1 effectively suppresses CrkI-induced tumorigenicity, whereas knockdown of Abl family proteins enhances it.
Growth and apoptosis rates of different knockdown cell lines
To gain further insight into the underlying causes for differences in tumorigenicity, we investigated the effect of CrkI effector knockdown on the rates of proliferation and apoptosis in CrkI-transformed cells. The rate of cell proliferation was determined using the methylthiazolyldiphenyl-tetrazolium bromide (MTT) cell viability assay for cells cultured on tissue culture plastic in complete medium. As expected, the growth rate of CrkItransformed cells was slightly higher than that of the normal NIH-3T3 cells (Figure 4a ). The growth of CrkI-transformed cells was significantly suppressed by knocking down SOS1 and significantly accelerated by knocking down Abl family proteins (Po0.05 at 60 h) ( Figures 4a and b ), whereas the knockdown of DOCK180 or C3G had no significant effect (Figures 4c and d) .
We also tested whether altered sensitivity to apoptosis might contribute to the observed differences in growth rates. Apoptosis was assayed in cells with or without pre-treatment with the DNA-intercalating anthracyclin doxorubicin, a commonly used cancer chemotherapeutic that promotes apoptosis. The levels of cleaved caspase-3, a biochemical marker of apoptosis, were increased in CrkI-expressing cells compared with parental NIH-3T3 cells, both with and without doxorubicin treatment ( Figure 5 ). Levels of cleaved caspase-3 in the knockdown cells, including the SOS1 and the Abl and Arg knockdowns, were similar to parental CrkItransformed cells under both conditions; if anything, caspase-3 levels were higher in the Abl knockdown cells. This result was confirmed using a second inducer of apoptosis, ultraviolet irradiation (Supplementary Figure 3 In vivo tumor formation in athymic nude mice. Knockdown cell lines expressing CrkI were prepared as in Figure 2 , and injected subcutaneously into nude mice. Tumor size was monitored every 2 days. Each point is the mean ± s.e.m. of 10 mice. Mice injected with control cell line (not overexpressing CrkI) did not form tumors under these conditions. For clarity, in panels a-d different knockdown cell lines are plotted with control wtCrkI-GFPi group. Po0.05 between wtCrkI-GFPi group and wtCrkI-Abli, wtCrkI-SOSi or wtCrkI-Triplei groups by analysis of variance. No significant difference was found between wtCrkI-GFPi group and wtCrkI-C3Gi or wtCrkI-DOCKi groups. Crk SH3-binding proteins J Zheng et al Figure S1 ). We also performed terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining of sections of tumors induced in nude mice by knockdown cell lines, and found more apoptotic cells in the more rapidly growing Abl knockdown tumors than in control CrkI tumors (Supplementary Figure S1 ). Thus we found no apparent correlation between increased growth and decreased apoptosis. Taken together, the results of biological assays indicate that SOS1 knockdown suppresses the growth of CrkI-transformed cells, whereas Abl knockdown enhances their growth; these effects are most likely because of the differences in the rate of proliferation and not because of the differences in the rate of apoptosis.
Analysis of downstream signaling pathways in different knockdown cell lines
We next examined the effects of Crk SH3-binding protein knockdown on signaling downstream of CrkI. Both JNK and Akt have been reported to be activated in Crk-transformed cells (Tanaka et al., 1997; Akagi et al., 2000 Akagi et al., , 2002 Mochizuki et al., 2000) , so we assayed pathway activity by immunoblotting with phosphospecific antibodies for the activated kinases. As expected from previous results, both JNK and Akt were activated in CrkI-transformed cells compared with normal NIH-3T3 cells ( Figure 6 ). The activation of JNK was strongly suppressed in C3G or triple knockdown cells, and modestly enhanced in Abl and Arg knockdown cells.
In contrast, the strong Akt activation induced by CrkI overexpression was not suppressed by knockdown of any Crk SH3-binding proteins tested ( Figure 6 ). Our data are consistent with previous studies indicating that C3G is required for JNK activation in Crk-transformed cells (Tanaka et al., 1997; Mochizuki et al., 2000) , and also suggest that Abl family proteins act as negative regulators for this downstream pathway in Crk transformation. Importantly, knockdown of SOS1, which potently suppressed the transforming activity of Crk, had no obvious effect on the activation of either JNK or Akt by CrkI.
We also assessed Erk pathway activity in CrkItransformed knockout cells. The mitogen-activated protein kinases, Erk1 and Erk2, are major downstream effectors of Ras, and thus good candidates for regulation by Sos1 in CrkI transformation. Erk activity was assessed by immunoblotting with phosphospecific antibodies for activated Erk. Surprisingly, we found that Erk was not activated in CrkI-transformed cells compared with normal NIH-3T3 cells, and that knockdown of SOS1 did not significantly suppress Erk activity under these conditions (in compete medium with serum) ( Figure 6 ). Thus we conclude that the dependence of Crk transformation on SOS1 is unlikely because of the effects on the Erk pathway.
Enhancement of CrkI-induced cell transformation by a small-molecule Abl inhibitor
The results from soft agar colony formation, proliferation, and tumorigenicity assays all suggested a surprising negative role for Abl family kinases in CrkI-induced cell transformation. To address whether Abl kinase activity was required for suppression of Crk transformation, we tested the effect of imatinib (Gleevec; Novartis, Basel, Switzerland), a small-molecule tyrosine kinase inhibitor specific for Abl family proteins (and to a lesser extent for platelet-derived growth factor and Kit family receptors) (Druker, 2009) .
When anchorage-independent growth of CrkI-transformed cells was assayed by soft agar colony formation, we found that imatinib increased the number of colonies more than fourfold compared with the untreated control (Figures 7a and b) . Imatinib (2.5 mM) was most potent, consistent with published half maximal inhibitory concentration values (Druker et al., 1996) . Higher concentrations were somewhat less effective, likely because of the nonspecific toxicity (Deininger et al., 1997) . Inhibition of Abl family proteins by imatinib stimulated the anchorage-independent growth of CrkI-transformed cells more efficiently than the knockdown of Abl and Arg (Figure 2 ), most likely because the drug can effectively inhibit kinase activity in all cells, whereas shRNA cannot totally eliminate the proteins.
We also assayed JNK pathway activation in CrkItransformed cells in the presence or absence of imatinib by immunoblotting with phospho-specific JNK antibody. We found that imatinib treatment of CrkI-transformed cells led to further elevation of JNK activity, without any obvious effect in normal NIH-3T3 cells (Figure 7c ). Thus chemical inhibition of Abl family kinases enhances both JNK activation and the anchorage-independent growth of CrkI-transformed cells, consistent with the negative role for Abl family kinases suggested by gene silencing experiments.
Dependence on SOS1 and Abl activity is specific for Crk transformation Next we examined the effects of knockdown of Crk effectors on cell transformation induced by other oncogenes, to see if those effects are specific to Crk transformation. NIH-3T3 cells were infected by Figure 6 Effect of knockdown on downstream signaling pathways. Knockdown cell lines expressing CrkI were prepared as in Figure 2 , and total cell lysates subjected to immunoblot analysis with phosphospecific antibodies for JNK (phospho-JNK), Erk1/2 (phospho-Erk) and Akt (phospho-Akt). The same blots were then re-probed with anti-JNK, anti-Erk or anti-Akt antibodies. Arrows show p54/p46 JNK and p44/p42 Erk proteins. Numbers below phospho-JNK, phospho-Erk and phospho-Akt blots are relative values normalized to total JNK, Erk and Akt levels, and represent the average of three independent experiments.
Crk SH3-binding proteins J Zheng et al retroviruses carrying v-Src (Schmidt-Ruppin A strain) or v-Ras (Ha-Ras Val12 , a constitutively active Ras mutant), and infected cells were subjected to drug selection. These Src-or Ras-transformed cells were then used to generate different Crk SH3-binding protein knockdown cell lines, using the same retroviral vector-based shRNAs used for CrkI-transformed cells. Knockdown of targeted proteins was confirmed by im-munoblotting (data not shown). We found that, in contrast to CrkI-transformed cells, knockdown of Crk SH3-binding proteins had little effect on the anchorageindependent growth of Src-or Ras-transformed cells (Figure 8a, compare with Figure 2d ). These results show that Crk transformation is particularly sensitive to levels SOS1, and to a lesser extent C3G, and that this sensitivity is not a general property of all transformed cells. To further test the role of Abl family proteins on transformation induced by v-Src or v-Ras, soft agar colony formation assays were carried out in the presence of imatinib. Inhibition of Abl family kinases did not enhance anchorage-independent growth of v-Src-or v-Ras-transformed cells, in contrast to CrkI-transformed cells (Figure 8b, compare with Figure 7b ). Thus inhibition of Abl family kinases has no obvious effect on v-Src-or v-Ras-induced cell transformation. We conclude that both the dependence of transformation on SOS1, and its enhancement by Abl activity, are specific to CrkI-induced transformation.
Discussion
The overall goal of this study was to identify, out of several candidate Crk SH3-binding proteins, those that are critical for transformation by the Crk oncogene. Because the only known biochemical activity of Crk is protein binding, and as the binding activity of its SH2 and SH3 domains is essential for transformation, the association of Crk with one or more endogenous binding partners must be directly responsible for transformation. However, because the Crk SH2 and SH3 domains bind to many cellular proteins, teasing out which interactions are important for a particular biological activity of Crk is a difficult problem. In this study, we have taken the approach of knocking down the expression of candidate nSH3 binding partners and assaying the effects on various parameters of Crk transformation. We found that Crk transformation was highly dependent on the expression of SOS1, whereas on the other hand decreased abundance or activity of Abl family kinases actually enhanced the Crk transformation. Both of these effects were specific for Crk transformation, as they were not seen in cells transformed by the Src or Ras oncogenes.
SOS1 is important for CrkI-induced cell transformation
Our study shows that SOS1 is critical for CrkI-induced cell transformation. Knockdown of SOS1 suppresses the anchorage-independent growth of CrkI-transformed NIH-3T3 cells and their tumorigenicity in nude mice. Previous studies suggested that Ras is required for Crk transformation (Greulich and Hanafusa, 1996; Akagi et al., 2002) . As a GEF for Ras, SOS1 is a plausible candidate for linking Ras activation to Crk, and our study provides the first direct evidence that SOS1 is required for CrkI-induced cell transformation. Somewhat surprisingly, the canonical pathway downstream of Ras (Raf/mitogen-activated protein kinase) is not stimulated strongly by CrkI transformation, as we saw no increase in Erk activity in cells overexpressing CrkI ( Figure 6 ). Thus activation of the Raf/mitogen-activated protein kinase pathway is unlikely to explain the requirement for Sos1 in Crk transformation. Akagi et al. (2002) found that Akt was activated in v-Crktransformed chicken fibroblasts, and that overexpression of H-Ras or SOS1 further enhanced Akt activation in these cells, suggesting a role for SOS1 in Akt activation. However, we found that knockdown of SOS1 did not suppress the activation of Akt in CrkI-transformed NIH-3T3 cells ( Figure 6 ). In mouse cells, there are two closely related homologs of Drosophila Sos, SOS1 and SOS2. In our study, shRNA was used to target SOS1, and it is possible that SOS2 can compensate for activating Akt in Crk transformation. In any case, it is clear that the dependence of Crk transformation on SOS1 cannot be fully explained by its role in Akt activation, as we find that Akt is unaffected in SOS1 knockout cells that are severely defective in growth rate, anchorage independence and tumorigenicity. Because SOS1 can act as a GEF for both Ras and Rac (Innocenti et al., 2002) , the critical downstream targets of SOS1 in Crk transformation may include effectors for both of these families of small guanosine triphosphateases.
We also tested the effect of SOS1 knockdown on v-Ras-and v-Src-induced transformation. Previous studies showed that transformation of rodent fibroblasts by v-Src is dependent on SOS1 (Qian et al., 2000) . Qian et al. generated a sos1 À/À cell line by targeted disruption of both alleles of mouse sos1. The transforming activity of v-Src was abolished in sos1 À/À cells, but only slightly decreased in sos1 þ /À cells. The transforming activity of v-Ras was intact in both sos1 À/À and sos1 þ /À cell lines, confirming that transformation by constitutively activated Ras was not dependent on the Ras activator SOS1. In our system, SOS1 knockdown did not significantly affect anchorage-independent growth of v-Ras-or v-Src-transformed NIH-3T3 cells. It is possible that the decrease in endogenous SOS1 levels achieved by shRNA is insufficient to suppress v-Src transformation. Regardless, our results demonstrate that Crk transformation is more highly dependent on SOS1 than is transformation by other oncogenes tested.
Negative role of Abl family kinases in CrkI-mediated transformation
We found that knockdown of Abl and Arg not only enhanced the anchorage-independent growth of CrkItransformed cells, but also accelerated the growth of those cells in tissue culture and in a nude mouse tumorigenicity assay. Inhibition of Abl family kinases by imatinib also stimulated colony formation by Crktransformed cells in soft agar. All these results strongly suggest a surprising negative role for Abl family kinases in suppressing CrkI-induced cell transformation. This is particularly unexpected given the well-known transforming activity of activated Abl variants (Pendergast, 2002) , along with reports that Crk can transactivate Abl in vivo (Hemmeryckx et al., 2001; Shishido et al., 2001) .
It has long been appreciated that Abl family kinases can negatively regulate the longer CrkII isoform by phosphorylating Tyr 221 , located in the linker region between the two SH3 domains of CrkII. Intramolecular Crk SH2-pTyr 221 interaction prevents binding of the SH2 and nSH3 domains to other proteins (Feller et al., 1994; Kobashigawa et al., 2007) . A number of studies have shown that this mechanism is indeed important for regulating activities such as cell migration and apoptosis (Kain and Klemke, 2001; Cipres et al., 2007) , and decreased CrkII phosphorylation was seen in highly invasive carcinoma cells (Kain et al., 2003) . Recently, Noren et al. (2006) found that in human breast cancer cells, Abl negatively regulates CrkII upon activation of EphB4 receptor tyrosine kinases, leading to induction of apoptosis and inhibition of cell migration and invasion in those cells. Knockdown of Abl by small interfering RNA abolished the tumor-suppressive effects of EphB4 in those breast cancer cells. These findings received considerable attention because Abl family kinase inhibitors now used to treat cancer have the potential to deregulate endogenous Crk activity.
In contrast to CrkII, however, the CrkI protein used in our studies lacks the linker region containing the regulatory Tyr 221 (although the nSH3 domain that binds to Abl kinases is present-see Figure 1 ). Thus the ability of Abl to suppress Crk transformation cannot be explained by phosphorylation of the regulatory site. So how do Abl family kinases negatively regulate CrkIinduced cell transformation? One potential explanation would be that Abl induces apoptosis upon binding to CrkI. Previous studies demonstrated that nuclear c-Abl tyrosine kinase is a regulator of apoptosis, and c-Abldeficient cells show defects in apoptosis (Wang, 2000) . However, we found that knockdown of Abl family kinases in CrkI-transformed cells actually stimulated apoptosis (Figure 4; Supplementary Figure S1 ), making it highly unlikely that apoptosis underlies the transformation-suppressing activity of Abl kinases.
Another possible explanation could be that endogenous CrkII works together with CrkI in cells transformed by the overexpression of CrkI. Certainly the two proteins are likely to colocalize, because their SH2 and nSH3 domains are identical and thus can bind the same partners. CrkI overexpression leads to increased steadystate levels of tyrosine-phosphorylated Crk SH2-binding sites (Matsuda et al., 1992) , which are likely to recruit and bind endogenous CrkII. We have recently shown that CrkII and CrkI differ in their ability to activate downstream small guanosine triphosphatases: specifically, CrkII is more effective in activating Rac1, whereas CrkI is more effective in activating Rap1 (Antoku and Mayer, 2009 ). Thus CrkII might cooperate with CrkI in transformation by recruiting and/or activating a distinct set of downstream effectors. Because CrkII can be inhibited effectively by Abl-mediated phosphorylation, such cooperative interactions between CrkI and CrkII would be promoted by Abl downregulation.
The ability of Abl kinases to suppress Crk transformation has important implications for clinical oncology, because small molecule inhibitors targeting Abl family kinases are now being used to treat cancer patients, and others are under development (Druker, 2009) . To date the most prominent example is the success of imatinib (Gleevec) in treating chronic myelogenous leukemia, a disease caused by the activation of Abl via chromosomal translocation. Imatinib has also been used to treat gastrointestinal stromal tumors. Dasatinib (Sprycel, Bristol-Myers Squibb, New York, NY, USA), a dual inhibitor targeting both Abl and Src family kinases, is used to treat certain types of leukemia, and is currently in clinical trials for solid tumors. As elevated expression of CrkI has been found in different types of human cancers, and our study showed that knockdown or inhibition of Abl family kinases enhances CrkI-induced cell transformation, the potential for undesirable consequences when using Abl inhibitors to treat human cancers should not be ignored.
C3G is important for some aspects of CrkI-induced cell transformation
Our results show that C3G is important for some aspects of CrkI-induced cell transformation in tissue culture. Knockdown of C3G suppressed the anchorageindependent growth of CrkI-transformed NIH-3T3 cells, although not to the extent seen with knockdown of SOS1 ( Figure 2 ). We also showed that activation of the downstream JNK pathway in CrkI-transformed cells was dependent on C3G. Finally, we found that C3G knockdown caused the morphological reversion of CrkI-transformed cells, which was not observed for knockdown of other Crk SH3-binding proteins. These results are consistent with the previous studies, in which dominant-negative mutants of C3G or other downstream effectors were used (Tanaka et al., 1997; Mochizuki et al., 2000) . However, we found that knockdown of C3G had no apparent effect on the proliferation rate of CrkI-transformed cells in monolayer culture, or on the rate of tumor growth in nude mice, in contrast to the dramatic effects seen on knockdown of SOS1. Thus, we conclude that C3G has a supporting but limited role in CrkI-mediated transformation.
C3G is a GEF for both Rap1 and R-Ras (Gotoh et al., 1995 (Gotoh et al., , 1997 . Mochizuki et al. (2000) found that expression of dominant-negative R-Ras also caused the morphological reversion of v-Crk-transformed cells, leading them to propose that R-Ras is the critical C3G effector for Crk transformation. However, the limited effects of C3G knockdown on anchorage-independent growth and tumorigenicity seen in our studies are consistent with the notion that cell morphology in monolayer culture correlates imperfectly at best with these more biologically relevant transformation parameters. Furthermore, our results show that JNK activation is not essential for anchorage independence or tumorigenicity induced by CrkI.
Conclusions
It has long been known that the modular proteinbinding domains of Crk can bind to many cellular targets, making it difficult to ascribe a particular biological activity (such as transformation) to a specific interaction partner. In principle, a single binding partner could be solely responsible for an activity, or alternatively a biological output might depend on the concerted action of many different binding partners. Our results indicate that for cell transformation by CrkI, the reality lies somewhere between these two extremes. SOS1 is clearly required for most aspects of cell transformation, but other binding partners contribute to the transformed phenotype-for example, C3G is uniquely required for morphological changes. Indeed some binding partners appear to oppose the activity of others: the activity of Abl family kinases suppresses the transforming activity of CrkI, whereas SOS1 and to a lesser extent C3G are required for transformation. It is important to note that our results reveal which binding partners are necessary, but do not address which are sufficient for transformation. Preliminary experiments in which the Crk SH2 domain was forced to interact uniquely with SOS1 in vivo, using the Functional Interaction Trap system (Sharma et al., 2004) , suggested that CrkI interaction with SOS1 was not sufficient to induce transformation (data not shown). Furthermore, nSH3-binding proteins not addressed in this study could have important roles in Crk transformation. Thus a variety of experimental approaches will be required to unravel the contributions of each binding partner to the many biological activities of Crk.
Materials and methods
Antibodies and reagents Antibody for Abl (8E9) and antibody for CrkI/II (clone 22) were purchased from BD Biosciences (San Jose, CA, USA). Antibodies for DOCK180 (C19), C3G (C19), SOS1/2 (D21), Abl (K-12), HA (Y11) and actin (I-19) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies for SAPK/JNK, phospho-SAPK/JNK (Thr183/Tyr185), Akt, phospho-Akt (Ser473), Erk2, phospho-Erk1/2 (Thr202/ Tyr204) and cleaved caspase-3 (Asp175) were purchased from Cell Signaling Technology (Danvers, MA, USA). Antibody for FLAG (M2) was purchased from Sigma-Aldrich (St Louis, MO, USA). Monoclonal antibody to Arg (Dr Peter Davies, Albert Einstein College of Medicine, Bronx, NY, USA) was a generous gift. Imatinib was provided by Novartis Pharmaceuticals (Basel, Switzerland) and purchased from LC Laboratories (Woburn, MA, USA). Doxorubicin-HCl (GR-319) was purchased from Enzo Life Sciences (Plymouth Meeting, PA, USA).
Plasmids
The complementary DNA encoding human CrkI (Michiyuki Matsuda, Kyoto University, Japan) was a generous gift. Human CrkI complementary DNA was inserted into pMSCVpuro (Clontech, Mountain View, CA, USA). shRNA targeting mouse C3G, DOCK180, SOS1, Abl and Arg were inserted into pSUPER.retro vector (Oligoengine, Seattle, WA, USA). shRNA targeting green fluorescent protein was used as control and also inserted into pSUPER.retro vector. The sequences for shRNA knockdown constructs targeting mouse C3G (Wang et al., 2006) , DOCK180 (generous gift from Michiyuki Matsuda), SOS1, Abl, Arg and green fluorescent protein (Ui-Tei et al., 2004) were: 5 0 -GGACTTTGATGTTGAATGT-3 0 (C3G); 5 0 -GAAGCCATTGTTGAAGGAA-3 0 (DOCK180); 5 0 -AGATCGGACCTCTATATCA-3 0 (SOS1); 5 0 -GAGTACTT GGAGAAGAAGA-3 0 (Abl/Arg); 5 0 -GGAGCCAAATTTCCT ATTA-3 0 (Arg) and 5 0 -GCCACAACGTCTATATCAT-3 0 (green fluorescent protein), respectively.
Cell culture, viral infection and soft agar colony formation assay of cells HEK293T cells were maintained in Dulbecco's modified Eagle's medium (Mediatech, Manassas, VA, USA) containing 10% (v/v) fetal bovine serum (Gemini Bio-products, West Sacramento, CA, USA) and 1 Â penicillin-streptomycin solution (Mediatech). NIH-3T3 cells were maintained in Dulbecco's modified Eagle's medium containing 10% (v/v) bovine serum (Gemini Bio-products) and 1 Â penicillinstreptomycin solution. For viral production, HEK293T cells were transfected with retroviral vector plus packaging plasmids pMD.env and pMD.gag.pol by the calcium phosphate coprecipitation method with 25 mM chloroquine as described previously (Tanaka et al., 1995) , and medium containing virus was harvested at 24 h after transfection. NIH-3T3 cells were infected with virus in the presence of 2 mg/ml polybrene (Millipore, Billerica, MA, USA). NIH-3T3 cells infected with pMSCV-puro derived virus were drug selected with 5.0 mg/ml puromycin (Sigma-Aldrich) for 4 days, recovered for 2 days without drug and kept for further experiments. CrkI-transformed NIH-3T3 cells infected with pSUPER vector-derived viruses were re-plated 72 h after infection for later experiments. For the soft agar colony formation assay, 1 Â 10 5 CrkItransformed NIH-3T3 cells were plated per 6 cm culture dish as a suspension in 4 ml of Iscove's modified Dulbecco's medium (Invitrogen) containing 10% fetal bovine serum and 0.4% agar (BD Biosciences) on a layer of 4 ml of Iscove's medium containing 10% calf serum and 0.6% agar. A volume of 3 ml of Iscove's medium containing 10% fetal bovine serum and 0.4% agar was replenished on the top agar layer once a week. Plates were incubated at 37 1C for 4 weeks until colonies were formed. For v-Ras-or v-Src-transformed NIH-3T3 cells, 1 Â 10 4 cells were plated in soft agar and colonies were counted after 2 weeks. Colonies larger than 0.3 mm in diameter were counted under a microscope. For imatinib treatment, different concentrations (2.5, 5, 10 and 15mM) of imatinib were continuously maintained during the soft agar assay (0.5 ml of medium containing the same concentration of imatinib was added to the top agar layer every 4 days) or in the medium until colonies were counted or the cells were harvested.
In vivo tumor formation assay in nude mice Different knockdown cell lines were prepared as suspended cells in Dulbecco's modified Eagle's medium without calf serum (1 Â 10 7 cells/ml). A volume of 0.4 ml (4 Â 10 6 cells) of different knockdown cell lines were injected subcutaneously into right flanks of 6-week-old male athymic nude mice (10 mice per cell line). Mice were monitored every other day, measuring weight and tumor size. Tumor volume was calculated by the formula tumor volume (mm 3 ) ¼ (d 2 Â D)/2, where d and D are the shortest and longest diameters of the tumor, respectively, measured in millimeters.
Immunoblotting
Cells were lysed with kinase lysis buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% (v/v) Triton X-100, 10% (v/v) glycerol, 1 mM Na 3 VO 4 , 10 mM sodium pyrophosphate, 10 mM b-glycerophosphate, 1 mM phenylmethylsufonyl fluoride and 1 mg/ml aprotinin). Cell lysates were separated by SDS-polyacrylamide gel electrophoresis and immunoblotted onto nitrocellulose membranes (Whatman Schleicher & Schuell, Piscataway, NJ, USA). The membrane was blocked with 5% non-fat dry milk and then incubated with primary antibodies followed by peroxidase-conjugated secondary antibodies. Positive signals were detected by enhanced chemiluminescence reagent (Amersham, GE Healthcare, Little Chalfont, UK). Band quantification was performed with NIH ImageJ (http://rsbweb.nih.gov/ij/) with phosphoproteins normalized against their respective total proteins.
